The Chondrostoma genus is widespread in Europe, with numerous endemic species in northern Mediterranean rivers. We reconstructed the phylogenetic relationships of this genus, using the whole cytochrome b sequence and compared the two freshwater fish dispersion hypotheses: (1) dispersion around the Mediterranean Sea during the Lago Mare phase of the Messinian salinity crisis (Bianco's hypothesis) and (2) an older and more gradual colonization of the Mediterranean rivers (Banarescu's hypothesis). All phylogenetic analyses identified two levels of divergences, implying two radiation events in the Chondrostoma genus. The first radiation mainly concerned Mediterranean species, whereas the second one includes Danubian and Mesopotamian species. This phylogeographic pattern was already observed for the genus Squalius, which exhibits a similar geographic range distribution in Europe and probably is shared with several other Mediterranean genera, such as Scardinius, Rutilus, and Telestes. Furthermore, assuming a molecular clock of 1% per million years, the first radiation appears consistent with a Messinian dispersion during the Lago Mare, 5.3 million years ago, whereas the second one may correspond to a Mesopotamian dispersion through the Black Sea to the Danube system. According to our results, the Lago Mare theory is strengthened, and a more recent and pre-Pleistocene colonization of the Danube from Mesopotamian freshwater fishes is suggested.
and Mesopotamian areas, central Europe shows a relatively uniform ichthyofauna. This quite unusual species distribution has quickly led to several biogeographic scenarios that can be summarized in two alternative hypotheses, mainly differing in the geological events allowing the fish dispersion.
According to the most standard hypothesis (Banarescu 1960 (Banarescu , 1992 , the colonization of European drainages occurred by repeated waves of dispersion from Siberia to Northern Europe. This dispersal process might have begun in the Oligocene (about 35 million years ago) and lasted until the late Pliocene (about 1.7 million years ago). Mediterranean rivers were colonized through river captures from central Europe by old Siberian lineages, whereas present EuroSiberian species in central and northern Europe descended from more recent dispersal events. This theory assumes a succession of gradual dispersion over time and space, functions of the hydrographic evolution and the geotectonic history of the European landmass.
In contrast, according to Bianco (1990) , the first penetration in the western Palearctic region is mainly the result of dispersal events, namely cyprinids and other primary freshwater fishes, which colonized the western Palearctic area from eastern Asia during the Miocene period, following the progressive salinity fall of the Paratethys. The Mediterranean Sea, an evaporative basin, was at that time hypersaline, preventing any dispersion of primary freshwater fish. After the Messinian period (5.5 million years ago), the water salinity decreased during the 100,000 years of desertification as Paratethys waters drained to the Mediterranean basin (Hsü et al. 1973 (Hsü et al. , 1977 . Colonization of the Mediterranean basin by primary fish species of Paratethys origin was hypothesized to have taken place only during the freshwater Lago Mare period, termed the ''Lago Mare'' theory by Bianco (1990) . As supported by much geological, paleontological, and palaeoecological data, this theory suggests that the Paratethys was an important environment in the dispersal movement of most freshwater species. The opening of the Straits of Gibraltar, following the ''Lago Mare'' phase, led to the invasion of Atlantic marine waters that represents a strong vicariant event responsible for the speciation and the origin of the present endemic taxa in southern peninsular Europe. This alternative scenario may be the ''vicariant point of view'' of the freshwater biogeography in Europe.
Although the Lago Mare theory has been extensively used in recent studies to justify several ancient divergences in phylogenies of some close Mediterranean freshwater fishes (Apostolidis et al. 1997; Brito et al. 1997; Durand et al. 2000 Durand et al. , 2002 Gilles et al. 1998a,b; Machordom and Doadrio 2001) , few have really attempted to estimate the validity of such a scenario. Only Penzo et al. (1998) and have tried to appreciate the importance of the Messinian salinity crisis in the origin of freshwater gobies and Mediterranean Cyprinids. Penzo et al. (1998) do not find any clear evidence concerning the impact of the Messinian salinity crisis in the goby evolutionary process. However, Penzo et al. (1998) did not really test the importance of the Lago Mare in the freshwater fish dispersion in the Mediterranean area, but instead tested the importance of the salinity crisis in the adaptation of a marine species to freshwater conditions, which is quite far from the original theory of Bianco (1990) . demonstrate the existence of a Mediterranean ichtyological district independent of the central European route, as already suggested by Bianco (1990) , and thus highlighted the discrepancy in the classical hypothesis of Banarescu (1992) . However, they proposed only a few explanations concerning the European Leuciscinae contemporary distribution and failed to conclude about the validity of the Lago Mare scenario. Furthermore, they have not analyzed any Leuciscinae fishes from the Middle East, even though this geographic area is known as an important route of cyprinids migrations (Howes 1991) . Mesopotamia is a migration crossroads for many taxa in addition to freshwater fishes. Many authors (Banarescu 1992; Coad 1996; Kosswig 1955; Por and Dimetman 1985) have shown the importance of this geographic area, which is a border between Europe, Africa, and Asia. A more exhaustive study of the phylogenetic relationships of Turkish and European Leuciscinae may result in a better comprehension of the biogeography of this subfamily in Europe.
We have chosen the Chondrostoma genus (Chondros means cartilaginous; Stoma means mouth), which is characterized by a mouth clearly subterminal (which is contrary to the etymology but does not consist of keratinized cells), with transverse or arched slit, without barbell, and with the upper jaw forming a muzzle well arched, with very hard oral lips and a sharp boarder. This genus is present in almost all of Europe (except the northern countries), from the Atlantic to the Caspian and Mediterranean Seas, to the North and the Baltic Seas, as well as in minor Asia, the Caucasus, and Mesopotamia (northwestern Asia). In accordance with the bibliographical data (Collares-Pereira 1978 , 1980 Elvira 1987 Elvira , 1990 Elvira , 1991 Mathias 1921; Mesquita et al. 2001; Nelva et al. 1988) , we distinguish more than 23 forms that correspond to 23 species constituting a clade (based on morphological differences). We take into account Telestes species complex, which is the sister group of Chondrostoma.
This study proposes to establish the phylogenetic relationships among Chondrostoma species endemic to different Mediterranean Rivers, from Spain to Turkey, by means of nucleotide sequence analyses of the cytochrome b mitochondrial gene. Our primary objective is to clarify the timing and mode of speciation or lineage divergence within this genus, with the goal of highlighting the role played by the Lago Mare in the evolutionary process of Mediterranean Leuciscinae.
Materials and Methods
The specimens studied come from the perimediterranean area ( Figure 1 ; Table 1 ). We include virtually all the species of the genus Chondrostoma. Morphological identification was done in the laboratory (Bianco PG, personal collection) .
mtDNA Amplification and Sequencing
We extracted total genomic DNA from scales or muscle, following the protocol described by Kocher et al. (1989) , with some simplifications (Briolay et al. 1998) . Amplification conditions for the polymerase chain reaction (PCR; Saiki et al. 1988) were 30 cycles of denaturation at 948C for 1 min., annealing at 558C for 30 s, and extension at 728C for 1 min. The PCR was performed in a 50 ll reaction volume containing 12.5 nM MgCl2, 10 nM of each of the four deoxynucleotides, 1 ll of each 10 lM primer, 103 PCR buffer II (Perkin Elmer-Cetus) and 2 U Amplitaq (Promega) in a programmable thermal cycler (Perkin Elmer-Cetus, Model 9600). A fragment of 1,300 bp of the 59 cytochrome b extremity was amplified. PCR primers (Briolay et al. 1998) used were L15267 and H16526. Primer names indicate the light (L) versus heavy (H) DNA strand, and numbers represent the position of the 39 base of the oligonucleotide in the complete mitochondrial sequence of Cyprinus carpio (accession number X61010). Double-stranded PCR products were purified with Qiaquick (QIAGEN) columns. Direct sequencing was carried out with T7 DNA polymerase kits (Pharmacia). The primers used for sequencing were L15639, L15840 and L15267, H15512, H15149, and H16461 (Briolay et al. 1998) . We used the C. carpio sequence (Chang et al. 1994) as outgroup, because this species belonged to the Cyprininae (which constitute a monophyletic grou) and was sufficiently distant from the subfamily of the Leuscicinae, thus avoiding any background noise resulting from introgression. Sequences were aligned with MUST (Philippe 1993) . For the studies on maximum parsimony (MP), we used the unweighted parsimony and a weighting parsimony. Transversion-transition ratio was equal to 2:1 at the third position. The parsimony algorithm necessitated long calculation times using a heuristic search of the program PAUP* (4.0d64 provided by D. Swofford), which limited us to 100 replicas, with a TBR swapping (Tree Bisection and Reconnection) of 100. For this reason, to obtain a more significant bootstrap test (Felsenstein 1985; Hedges 1992; Hillis and Bull 1993; Lecointre et al. 1993; Zharkikh and Li 1992) , the fast search option of the program PAUP* with 1,000 replicas was used. For the unweigted parsimony we used the heuristic search of the program PAUP* with a TBR swapping of 100.
For the neighbor-joining studies (NJ; Saitou and Nei 1987 ) the PAUP* program was used. The distance was estimated, on a Juke and Cantor distance, on a Tamura-Nei distance with alpha parameter for the gamma shape equal to 0.21, and on a maximum likelihood (ML) distance (as described below). The topological difference between the trees was tested with Templeton's test (Wilcoxon sign-rank tests; Templeton 1983) , and the likelihood ratio test (Kishino and Hasegawa 1989) . When the different models produced the same topology (not significantly different with the likelihood ratio test and Templeton test), the simplest model was performed. Furthermore, we tested the impact of the species and the different cytochrome b domains (17, following Kocher and Stepien 1997: 5 domains on the inner surface of the mitochondrial membrane, 4 domains on the outer surface, and 8 transmembrane domains) on branch support by jackknifing both separately.
The ML estimation was performed using the following model of evolution retained by Modeltest (Posada and Crandall 1998) , with nucleotide frequencies of p(A) ¼ 0.2840, p(C) ¼ 0.3001, p(G) ¼ 0.1354, and p(T) ¼ 0.2804. The rate variation among sites was modeled using a gamma distance and the gene-specific shape parameters a ¼ 0.96, with a proportion of invariant sites Pinvar ¼ ÿ/523 and a rate matrix A-C ¼ 1.068, A-G ¼ 30.852, A-T ¼ 0.260, C-G ¼ 1.577, C-T ¼ 7.420, and G-T ¼ 1.000. The procedure of Rogers and Swofford (1998) was used to reduce preliminary computing time.
We tested the effects of species and sites on the tree reconstruction for the unresolved branches. We used the ML reconstruction implemented in the Tree-Puzzle program (Strimmer and von Haeseler, 1996) to evaluate all the quartet puzzling (this is the number of groups constituted by four species out of a total number of 42 species). Indeed, to Figure 1 . Map of the distribution area and localities from which the different species of Chondrostoma genus were collected. See Table 1 for the species corresponding to the not bold numbers.
calculate the impact of the species in using sub-sampling of species, we visualized the species responsible for the unresolved quartets. An unresolved quartet is a quartet for which the maximum likelihood values for each of the three possible quartet topologies are not significantly different. Of the 11 1930 quartets analyzed (using the ML methods), 527 quartets were unresolved.
We analyzed the pattern of substitution for the four branches (as described in Figure 2 ) in observing the rate of substitution for the different positions. With this goal, we computed the rate of substitution for each position, using the PAUP* program and Modeltest 3.0 (Posada and Crandall 1998) on the complete cytochrome b (Figure 3 ). We used the PAUP* program to obtain the list of apormorphic sites involved in the four branches. For each branch, we analyzed the distribution of the substitution pattern, the overall consistency index (CI) value, and their impact.
The Relative Rate Test was performed with Phyltest (Kumar 1996) in order to determine if the substitution rate of the different sequences was homogeneous. Sequences whose substitution pattern was significantly different from the mean pattern were not included in the estimation. The molecular clock was calibrated using the scale established by Smith et al. (2002) and Dowling et al. (2002) . These authors used fossil data (including several species of cyprinids) and mitochondrial DNA (cytochrome b). They found for this group a rate of substitution equal to 1.05% sequence divergence per pairwise comparison per million years (0.53% per lineage per million years, with an unconstrained regression), which we approximated to 1% per million years. The authors took into account the problem of past hybridization to calibrate the rate of substitution. Separate analyses were performed on the complete data set for the Chondrostoma genus (528 pairwise comparisons) and on a partial data set comprising only one specimen representing a Chondrostoma species (153 pairwise comparisons). The distribution of mean sequence divergence estimates within groups was tested. The normality was tested using the v 2 test. The TreeMap program (Page 1994b ) was used to reconstruct the gene-district assemblage. (considering only vicariance phenomenon, the species coming from the same district would be closer on cytochrome b phylogeny for these freshwater fish). We used the heuristic search option. The significance of the observed fit between district area and cytochrome b (gene) trees can be evaluated by comparing the distribution of the same measure of fit for the random trees (Page 1994a,b) . One null hypothesis is that the district area tree is independent of the gene tree. We tested this hypothesis by generating 10,000 random trees, using a proportional-to-distinguishable option, with the same number of district and the same number of taxa as the actual phylogeny, and we measured how well these fit the observed gene tree in comparison with the district tree. The proportion of random gene trees that have the same (or greater) number of speciation-separation events as the observed trees is the probability of obtaining the observed value by chance alone.
Results

Phylogenetic Reconstruction
The most parsimonious tree displayed a length equal to 1,473 steps with the unweighted parsimony (CI of 0.445 and an overall retention index (RI) of 0.633; tree not shown). 454 characters are variables, of which 345 characters are informative for the parsimony. The first divergence concerns species located in the Iberian Peninsula (C. macrolepidotus and C. arcasii ). Surprisingly, the different species of Telestes are the sister group of C. genei. This topology was not supported by the bootstrapped tree. The Chondrostoma genus was monophyletic, with a low bootstrap proportion (52%). The two topologies (bootstrapped and not) were statistically different, because of the position of the Telestes species.
With the weighting parsimony transversion-transition ratio equal to 2:1 at the third position, we found three most parsimonious trees (1,720 steps) that were not significantly different from the bootstrapped tree (polyotomy, Table 2 ). 454 characters are variables, of which 347 characters are informative for the parsimony. This tree displayed two different clusters (Figure 2 ). The first group comprised the different species of Telestes; the second one, the different species of Chondrostoma. The first divergence concerned species located in the Iberian Peninsula (southern Iberia and central Iberia), then species of southern France (with a close affinity to the Ebro-Cantabric area), and then species of the Padano Venetian area, with no distinction for those of the Danubian, Albanian, and Aegeo Macedo Anatolian areas. This topology was not significantly different from the most parsimonious tree (with the unweighted parsimony criterion) with the Templeton and Kishino Hasegawa tests (alpha ¼ 0.05; Figure 3) .
On the other hand, the trees in NJ, bootstrapped NJ (for the Juke and Cantor distance and for the Tamura-Nei distance with gamma shape equal to 0.21) yielded the same topology because Telestes was included within the Chondrostoma genus in the latter model, but this topology was not supported. This result was not surprising because gamma distances are generally more realistic than nongamma distances, but they have larger variances than the latter. For this reason, they do not necessarily produce better results in phylogenetic inference unless the number of nucleotides used is very large (Nei and Kumar, 2000) .
Lack of Resolution for Different Nodes: Soft Versus Hard Polytomies
When we removed each species involved in one of the 527 completely unresolved quartets we found only one species that induced a lack of resolution for the tree topology (i.e., by removing only the species C. soetta, representing one of the two species belonging to the Padano Venetian district, we obtained a weak bootstrap support (58%) for one basal node (node A as described previously in the neighbor-joining tree). When we conserved only four species representing the four groups involved in the unresolved branches (i.e., C. soetta-C. genei, C. toxostoma, C. lusitanicum-C. lemmingii, and a Probability of attaining a more extreme t-value under the null hypothesis of no difference between the two trees (two-tailed test) when using the KH test.
b Using the SH test. Figure 2 . Bootstrap analyses carried out with 1,000 iterations for the parsimony and 1,000 iterations for the neighbourjoining methods, using the complete cytochrome b sequence. For the maximum likelihood, only 100 iterations were performed. We used C. carpio, G. gobio, and P. phoxinus as outgroup species. We used weighting parsimony transversion-transition ratio equal to 2:1 at the third position matrix, providing 378 sites informative for parsimony. Tree length is 1,942 steps, CI ¼ 0.446, and RI ¼ 0.830. For the distance method we use the Jukes and Cantor estimation. The letter in bold corresponds to the unsupported branches for which a different test was performed. Above corresponding the bootstrap proportion for the NJ, MP, and MLH (model described in the text), behind the Decay index.
C. polylepis-C. duriensis-C. p. willkommii ), none of the branches was statistically supported (except node A, Figure 2 ), so these subsamples of species indicated a real lack of resolution in the tree. Removing the Telestes genus and C. soetta species induced a strong bootstrap support for node A (85% in NJ only) and a weak bootstrap support for node B (53% in NJ only).
On the 17 domains tested by jackknifing, none was responsible for the lack of bootstrap support for the four branches (A, B, C, and D). There are 2m-2 branches in a rooted tree (on a completely resolved tree), so for 42 taxa we have 82 branches. Thirty-five sites (7.15%; 7:A, 10:B, 6:C, and 12:D) were assigned to the four branches (4.88%), and 454 sites were assigned to the other branches.
The distribution of the substitution pattern for each site belonging to the four branches yielded a high rate of substitution in comparison to the other sites (Figure 4) . The mean and SE were, respectively, for branch A, B, C, D equal to 6.88^1.77, 7.34^1.99, 7.82^5.80, and 6.34^4.38. The distribution of the other sites (belonging to the other branches) corresponded to a gamma distribution ( Figure  4A ). Two regression lines explained the correlation between the number of substitutions and the CI value for the apomorphic position belonging to the four branches ( Figure  5 ). The first one yielded a r 2 equal to .8237; the second one, a r 2 equal to .7935.
Genetic Distances for the Different Species of Chondrostoma
We found that the species level (based on morphology) in the Chondrostoma genus could be separated in two mtDNA levels of divergence. The distribution of these two genetic divergence levels was binomial, whatever the distance chosen (Jukes and Cantor distance or Tamura-Nei with gamma shape ¼ 0.96). The distribution of pairwise comparison for the Jukes and Cantor distance (the first one is the oldest) fit with a classical normal distribution (l ¼ 0.083; r^0.010), gave a nonsignificant v 2 test (P ¼ .37). The second one (the earliest) fit with a classical normal distribution (l ¼ 0.033; r^0.009), gave a nonsignificant v 2 test (P ¼ .80). Using the 1% of substitution per million years, we obtained a mean of time divergence (in millions of years) of 4.17^0.53 for the first one (T1) and a mean of time divergence of 1.65^0.47 for the second one (T2). The results were similar for TamuraNei with gamma shape ¼ 0.21 with a higher variance (l ¼ 0.132; r^0.024, and T1: 6.57^1.19; l ¼ 0.043; r0
.015, and T2: 2.13^0.73). We tested the possible artifacts due to morphological bias, such as cryptic species, hybridization and introgression, by using all the taxa with no morphological criteria (528 pairwise comparisons). The distribution of sequence divergence displayed the same pattern as the previous distribution ( Figure 6 ). This result indicated clearly that for the same level of taxonomic rank (i.e., the different Chondrostoma species), there are two levels of genetic differentiation. Distribution of the number of nucleotide changes using the 42 taxa with only the position corresponding to the four branches in the most parsimonious tree (1,720 steps), with the weighting parsimony transversion-transition ratio equal to 2:1 at the third position. (C) Distribution of the number of nucleotide changes for the four branches separately using the 42 taxa in using the most parsimonious tree (1,720 steps), with the weighting parsimony tranversion-transition ratio equal to 2:1 at the third position.
Cytochrome b Tree Versus District Area Tree
Because only completely resolved topology can be tested (Page 1994) , we used the most parsimonious tree with the weighting parsimony transversion-transition ratio equal to 2:1 at the third position for the gene tree, and two completely resolved topologies for the district trees.
We tested the most parsimonious tree (molecular data) against the classical hypothesis of Banarescu (1992) as described in the introduction ( Figure 7A ). The heuristic search found 8 speciation-separation events, 25 speciation events, 0 migratory events, and 22 sorting events (corresponding to sister species present in the area in the past but absent nowadays). We found no statistical support between the cytochrome b gene tree and the district area tree; the association between these two trees may be due to chance alone (with P ¼ 0.8227).
Furthermore, we tested the most parsimonious tree (molecular data), with the district tree corresponding to the closest dichotomous topology to the molecular tree ( Figure  7B ). The heuristic search found 10 speciation-separation events, 23 speciation events, 0 migratory events, and 10 sorting events. We found no statistical support between the cytochrome b gene tree and the district area tree; this association between the two trees may be due to chance alone (with P ¼ .4291).
Discussion
Chondrostoma Radiation or Molecular Pitfall?
Molecular phylogenies are providing major insights into our understanding of evolution. However, phylogenetic analyses of molecular data often recover polytomies (multifurcation rather than bifurcation relationships). The polytomy including the C. toxostoma, C. soetta, C. genei, and C. polylepis cluster and the eastern Mediterranean cluster, with short branches connecting the taxa, is the signature of a rapid cladogenesis event. Evolutionary theory suggests that in certain cases, such as after colonization of ecologically open territory, lineages should experience a burst of rapid evolutionary diversification ( Jackman et al. 1999) . If cladogenesis is truly simultaneous, the failure to resolve dichotomous relationships among the taxa in question is called a ''hard polytomy'' (Walsh et al. 1999) . Multiple branching events that are extremely rapid in succession may be empirically indistinguishable from simultaneous branching and are called a ''soft polytomy.'' If organisms rapidly speciated from a common ancestor, molecular characters may not recover phylogenetic history. Internodes separating species are too short to contain more than a small number of shared derived characters, and these characters will be difficult to distinguish from homoplasious ones and therefore render the recovery of phylogenetic patterns very difficult (Fiala and Sokal 1985; Kraus and Miyamoto 1991; Lanyon 1988) . In addition, the taxa resulting from such a radiation will contain a number of randomly shared ancestral polymorphisms, which may be contradictory and thus further complicate the recovery of the true phylogenetic history (Simon et al. 1994) .
The biological reality of polytomies is a topic of active debate (DeSalle et al. 1994; Hoelzer 1997) . Considerable work has centered on increasing the size of data sets, employing different types of data, and using alternative methods of phylogenetic reconstruction to resolve presumably soft polytomies. Although polytomies often can be resolved into sequential bifurcations by an increase in data, some polytomies remain uncertain even after analysis of very large data sets ( Jackman et al. 1999 , Walsh et al. 1999 . Several authors have attempted to determine the amount of sequence data required to resolve a soft polytomy, using simulation. As demonstrated by Walsh et al. (1999) for the Auklet mtDNA, 215 to 1,237 bp should be sufficient (when a phylogenetic signal has been detected) to resolve sequential lineage splits that occurred at least 100,000 years apart, 2.6 million years ago. These authors analyzed 1,044 bp of cytochrome b, 522 bp of ND6, 507 bp of 12S rDNA, and 842 bp of ATPase 6 and 8, and demonstrated that it was not judicious to sequence more mtDNA. Several researchers argue that an ancestral lineage sometimes can generate multiple descendent lineages at one time, resulting in multiple simultaneous speciation events represented by a hard polytomy. Biogeographic hypotheses, fossil data, and geologic evidence all suggests that cladogenesis need not occur strictly by dichotomous branching events. Hoelzer and Melnick (1994) have argued that geologic changes such as glaciations and changes in sea level could have isolated several populations of a widespread species, initiating their divergence and ultimate speciation through a peripatric process. Simultaneous isolation of multiple populations of an ancestral species by a single vicariant event is indicated in a number of species, such as the cichlid fishes in Africa (Meyer et al. 1990 ).
This radiation pattern in the phylogeny shows concomitant short internodes joining the mtDNA clades with no bootstrap support. The classical pitfall in obtaining this pattern is due to a high number of taxa with respect to the number of variable characters (in distance method) that are 
distance). (D)
The distribution of sequence divergence (using Tamura-Nei alpha parameter of the gamma shape ¼ 0.21 distance) estimates between groups were tested for the 18 presumptive sister pairs of Chondrostoma (105 pairwise comparisons). The normality for the binomial distribution was tested using the v 2 test. (E) The distribution of sequence divergence (using Jukes and Cantor distance) estimates between groups were tested for the 18 presumptive sister pairs of Chondrostoma (105 pairwise comparisons). The normality for the binomial distribution was tested using the v 2 test.
informative characters (in parsimony methods). This is not the case in our study, for which 454 characters are variables and 345 characters are parsimony informative for 42 taxa. Without the outgroup species (three of them) and Telestes species (six taxa)-in essence, 33 taxa-we obtain 324 variables characters and 237 characters informative for the parsimony. Another problem is using partial cytochrome b gene (Nei et al. 1998) , but this was not the case in our study (we used the complete gene). It is difficult to prove a radiation (corresponding to a polytomy in the tree), because the lack of bootstrap support could be due to any number of pitfalls; however, the different tests that we did permit us to discriminate two kinds of unresolved branches in the data set. Phylogenetic analyses incorporating subsampling of species can identify cases in which including all species in the phylogenetic analysis produces the appearance of simultaneous branching of lineages when the branching is actually sequential. Using the analytical procedure recommended by Jackman et al. (1999) for using aligned molecular sequences to detect significantly supported relationships, we provide evidence for sequential branching for branches A and B and a simultaneous branching for the branches C and D.
Morphological Species Versus Molecular Species
The first general result is the observation of two levels of divergence in the distribution of pairwise distance. For a same level of morphological differentiation two levels of molecular differentiation exist. This result shows that morphology and cytochrome b are decoupled in the Chondrostoma genus. Two morphologically distinct sister species may have a high genetic distance (it is the case for C. genei and C. soetta) or low genetic distance (C. macrolepidotus and C. arcasii, or C. vardarensis and C. prespensis). Two subspecies (low morphological differences) may have a high genetic distance (C. polylepis duriensis and C. polylepis willkommii) or low (C. holmwoodii holmwoodii and C. holmwoodii meanderes). Two alternative explanations may clarify this observation. First, as already mentioned in some molecular systematic studies Berrebi et al. 1990; Durand et al. 2002) the morphometric characters used by authors to infer the phylogenetic relationships within the Cyprinidae family are sometimes irrelevant. This problem is especially pronounced for low systematic levels such as in species or subspecies, where usually few morphometric traits can be used to determined these systematic levels. The second explanation may be possible introgression mtDNA of endemic species by recent Danubian invaders. Durand et al. (2000) highlighted in the Squalius complex strong discrepancies between phylogenetic links in two related species, depending on whether molecular markers were used to infer the phylogeny (mtDNA or enzymatic loci). According to these authors, theses differences may be the consequence of genetic introgression that followed secondary contacts. This was probably also the case for the Chondrostoma genus, which may explain the lack of congruence between the taxonomic status and the phylogenetic distance of several species, such as C. prespensis, C. vardarensis, C. nasus, C. regium, C. holmwoodii, and C. oxyrhynchum. Thus, genetic introgression may explain their close link even if this assumption has to be demonstrated by the use of several independent markers.
The Chondrostoma Phylogeography: An Insight Into Mediterranean Biogeography?
According to our results, our tree topology is not in agreement with a gradual colonization of the Mediterranean areas as suggested by the Banarescu assumption. A dichotomic tree topology would be in accordance with a long and gradual colonization of Mediterranean rivers. Whereas, as mentioned above, a rapid and large colonization event as suggested in Bianco's theory would produce a burstlike tree topology that is closer to the observed tree. However, is the Lago Mare theory suggested by Bianco (1990) a rational alternative? The Messinian salinity crisis (MSC) and the theory of the Mediterranean Sea desiccation (Hsü et al. 1973 (Hsü et al. , 1977 have been extensively debated for more than 25 years. This controversy recently took issue with a new model (Clauzon et al. 1996) , which highlights a chronological distinction between marginal and deep evaporation, based on the results of new approaches (Butler et al. 1995; Clauzon et al. 1996) . In this two-step model the MSC began 5.8 million years ago with a first sea-level fall, which was moderate (150 m) because the Mediterranean basin was not isolated to the Atlantic basin. However, in a second interval, after a brief flooding event, the Mediterranean basin became fully isolated (5.6 to 5.32 million years), leading to a sea-level drop of 2,000 m (Clauzon et al. 1997) .
At the same time, the Paratethys also experienced an important sea-level drop that drained the Pannonian basin (Serbia) and isolated the Dacian (Roumania) and the Euxinic basins (Balck Sea; Clauzon et al., in press ). Water in the Euxinic basin was limited to the deepest level of the basin (as with the Mediterranean basin), whereas the Dacian was suspended (and formed a lake) as with the Panonian basin (in the Pô valley; Clauzon et al., in press) . During this period, the The heuristic search found 8 speciations by district area events, 25 speciation events (inside a district), 0 migratory events, and 22 sorting events (corresponding to sister species present in the district area in the past but absent nowadays). The district area tree follows the Banarescu hypothesis. (B) Cladograms for Chondrostoma genus, with their district area associations indicated by dashed lines, according to the TreeMap program. The heuristic search found 10 speciation-separation events, 23 speciation events, 0 migratory events, and 10 sorting events. The district area tree follows the most parsimonious tree, according to the molecular data.
European hydrographic networks were very active, because fluvial incisions were made in Mediterranean margins (Clauzon et al. 1996) . Paratethys basins were freshwater lakes (Marinescu 1992) , whereas the Mediterranean basins were hypersaline. However, the Lago Mare fauna from the Paratethys colonized Mediterranean margins, which suggests that dispersion for freshwater or brackish organisms was possible on the coastal border of the Mediterranean basin then (Clauzon et al., submitted) . The end of the MSC took place when the Atlantic reconnected to the Mediterranean basin through the Strait of Gibraltar or the Baltic Corridor (Krijgsman et al. 1999) .
Lastly, if the MSC is still not falsified and seems to have played an important role in some freshwater or brackish organisms' dispersion, are our results consistent with a Mediterranean rivers colonization during this geological event? If the first Chondrostoma radiation (under the assumption that the molecular evolution of the cytochrome b followed a molecular clock rate of 1% per million years) occurred during the MSC (5.5 million years; Krijgsman et al. 1999) , is it the only element in agreement with the Lago Mare theory? As indicated in the introduction, the MSC was not only a dispersion event but also a strong vicariant process. The main prediction of the historical biogeography is that concordant geographic distribution implies a common history (Croizat et al. 1974) . Under a pure dispersalist scenario, similar distribution patterns can occur only by chance. Thus, it is only when strong vicariant events are responsible for concordant distribution that a common history for all taxa is expected. The amount of the phylogeography (Avise et al. 1987 ) to apply to the historical biogeography depends on not only the geographic distribution of independent taxa but also their genealogical partition. Thus, the genealogical concordance across multiple codistributed taxa in highlighting area relationships allows powerful inference concerning historical biogeography.
Taking into account previous results obtained in the phylogeography of the Leuciscus subgenus Squalius (Durand et al. 2000) , a genus with similar ecological habitat preferences and with a similar geographic range distribution in Europe, our Chondrostoma phylogenetic tree displays a close phylogenetic-branching pattern, suggesting a close dispersion history. The first general result is the observation of two levels of divergence, suggesting two radiation events. Both radiations in both phylogenies show concomitant short internodes joining the mtDNA clades (especially in the Chondrostoma phylogeny). The first divergence concerns species located in the Iberian Peninsula, southern France (for Chondrostoma, Figure 8 ), Italy, Greece (for Squalius), and Turkey and central Europe. A second (earlier) divergence includes the Turkish, Danubian, Greek, and Italian (for Squalius) species-populations. Within the Squalius phylogeny the basal position of L. borysthenicus, which occurs around the Black Sea and in the northeastern part of Greece, suggests a Paratethytian origin for the Squalius genus. This first radiation occurred 5.11 to 3.87 million years ago. Thus, the Lago Mare theory seems to be the most parsimonious explanation for the high radiation in both these genera. During this event a Paratethyan ancestor of the Chondrostoma and Leuciscus subgenus Squalius may have reached all the main North Mediterranean rivers located in the Iberian Peninsula, southern France, Italy, and Greece. Mesopotamia also might have been colonized during this broad dispersal event.
The second wave of colonization probably took place approximately 2.23 to 1.07 million years ago. During this event, populations located in Mesopotamia may have reached the Danube through the Anatolian inland lake (Demirsoy 1996; Gorur et al. 1995) and the oligohaline Black and Caspian Seas. This assumption of a Mesopotamian origin is based on the high genetic divergence of Turkish Chondrostoma and L. cephalus within the second clade. From the Danube some population crossed the Alpine chain (probably in the Kosovar plain and in the Vardar valley), explaining the Danubian affinities for Greek Chondrostoma and the presence of L. cephalus around the Adriatic and the Aegean Seas (Durand et al. 1999) . During this second Figure 8 . Linearized tree showing the the cladogenetic events for the Chondrostoma genus using another Leuscicinae as outgroup (P. phoxinus) based on the Tamura-Nei distance with alpha parameter of the gamma-shape ¼ 0.21. All the sequences are conserved because the evolutionary rate is not significantly different from the average rate. We used the Phyltest program. The scale bar shows the time divergence resulting from the molecular clock established for Cyprinids by Smith et al. (2002) and (??) Downing et al. (2002) , 1% sequence divergence per pairwise comparison per million years. Plio., Pliocene; Plei., Pleistocene.
colonization event, many secondary contacts probably occurred between the Messinian relicts (endemic to Mediterranean rivers) and the Mesopotamian invaders, explaining discrepancies between morphology and genetic distance (Durand et al. 2000) .
